We show a structural modification technique which causes the fluctuated surface of multi-wall carbon nanotubes (MWNTs) by using hydrogen sulfide as a reaction-assist medium, which promotes the formation of sp 3 -hybridized orbitals of carbon and suppresses the formation of sp 2 -hybridized orbitals in the plasma process. We observed the structure of MWNTs synthesized with the addition of H 2 S by means of high-resolution transmission electron microscopy and electron energy loss spectroscopy, and found the cornhusk-like surface fluctuations on the surface of MWNTs. In this study, we discuss the mechanism underlying this structural modification of carbon nanotubes precisely.
Introduction
Carbon nanotubes, comprised of concentric cylindrical layers of graphite-like carbon [1, 2] , are nanometre-sized and have large surface areas. Because of these characteristics, carbon nanotubes have received considerable attention for their wide applicability in gas sensors [3, 4] and filters [5] . In addition, since carbon nanotubes have excellent mechanical [6] [7] [8] and electrical [9] [10] [11] properties, they and their related materials are most promising candidates as electrode materials for direct methanol fuel cells (DMFC) [12] . The development of DMFC and of electrode materials to support Pt catalysts is very important in the light of global energy issues. However, in terms of maximizing surface area, multi-wall carbon nanotubes (MWNTs) are inferior to single-wall carbon nanotubes (SWNTs) because not all of the graphitic carbon 5 Present address: Research Institute for Micro/Nanometre Science and Technology, Shanghai Jiao Tong University, People's Republic of China. sheets of MWNTs are exposed. Therefore, a structural modification technique to increase the surface area of MWNTs is highly desirable.
MWNTs are more advantageous for applications [13] [14] [15] [16] than SWNTs because various methods of mass synthesis of MWNTs have already been developed [17] [18] [19] . Thus far, a number of techniques to modify MWNTs have been reported by numerous research groups. Ajayan et al thinned MWNTs by heating in the presence of a very small amount of air, and observed the process by using high-resolution transmission electron microscopy (HRTEM) [20] . In the process, MWNTs are thinned through layer-by-layer peeling of the outer layers starting from the cap region. Other oxidation techniques have been reported, such as a gasification process using O 2 or CO 2 [21] , the use of oxidation agents such as KMnO 4 , H 2 O 2 , O 3 and HClO 4 [22] and the use of water's weak oxidization activity [23] . Moreover, Collins et al have demonstrated the elimination of individual shells by current-induced electrical breakdown [24] . Furthermore, in contrast with the thinning process, the bridging of stable links between neighbouring carbon nanotubes using electron-beam irradiation has been reported [25] . However, all these concentration and purification processes are intrinsically for SWNTs and cannot be used to increase the surface area of MWNTs. In other words, these techniques increase the density of exposed graphitic carbon sheets but cannot increase the total synthesis yield of exposed graphitic carbon sheets. Hydrogen sulfide is known as a reaction-assist medium for the structural control of carbon-related materials. The most important property that distinguishes hydrogen sulfide from other oxidation agents or catalysts is that it causes an endothermic reaction in the chemical vapour deposition (CVD) process of carbon-related materials. Therefore, the synthesis of carbon nanotubes using hydrogen sulfide is expected to be very weak and to exhibit good control reaction. In the case of diamonds, NishitaniGamo et al have reported that the addition of a small amount of H 2 S gas during the CVD process dramatically improves the crystallinity of thin-film diamonds [26] . Another group has also reported that the pre-treatment of catalyst cobaltnanoparticles with H 2 S improves the yield of aligned and straight carbon nanotubes [27] . However, the effects of the addition of H 2 S gas during the growth of MWNTs in the CVD process has not yet been perfectly studied. To reveal the effects precisely, we observed the structure of MWNTs synthesized with the addition of H 2 S by means of HRTEM and electron energy loss spectroscopy (EELS) in a previous report [28] . In this study, we discuss the mechanism underlying this structural modification of carbon nanotubes precisely.
Experimental
The MWNTs used in this study were synthesized by the microwave plasma CVD method on a high-pressure and hightemperature synthetic diamond substrate. First, an iron film was deposited on the (100) substrate by the sputtering method in an Ar atmosphere. After deposition, the film was changed into nanoparticles by annealing. The specimen was placed into the CVD system, and the chamber was pumped down to a pressure below 10 −3 Torr. The MWNTs were synthesized at a substrate temperature of 800
• C and a microwave power of 400 W with a 40 Torr mixture gas composed of hydrogen, methane and hydrogen sulfide. We synthesized three types of . The spectral intensity is normalized at the energy loss peak of σ -bonds. The EELS spectra indicate that the intensity of π-bonds taken at the base region becomes smaller than that of the π -bonds taken at the Apex region. samples: those with H 2 S/CH 4 ratios of 0%, 10% and 50%. The detailed mixture ratios of gases are shown in table 1.
The CH 4 /H 2 ratio of each of these sample types was kept relatively small, approximately 1%. This is because we avoid the change of other growth conditions, such as plasma yield and sample temperature. In addition, since CH 4 supplies carbon atoms, i.e. the materials of MWNT, we have not changed the ratio of CH 4 in the whole of reaction gas. Actually, the average length of MWNTs was nearly equal among the three samples. HRTEM observations were performed using a JEOL 4000EX instrument (JEOL, Ltd., Tokyo, Japan) with a beam energy of 400 keV. EELS spectra were measured using a Gatan Model Figure 1 shows the MWNT synthesized by the plasma CVD method using H 2 S mixed gas with H 2 S/CH 4 mixture ratios of 0% (figures 1(a)), 10% (1(b)) and 50% (1(c)). Figure 1(a) indicates that the filament has graphitic walls on both sides, suggestive of a tubular structure. This image also indicates that MWNTs grown without H 2 S have a relatively smooth surface, although they are winding and have some nodes formed by a push-out growth mechanism [29] . The feature of the nodes suggests that the growth direction of MWNT is left to right in the figure. In contrast, the MWNTs shown in figures 1(b) and (c) have fluctuated surfaces like that of a cornhusk. In figure 1(b) , the structure in the filament is not nodes, but the fluctuation of surface. The surface fluctuation of the MWNT in figure 1(c) is greater than that in figure 1(b) ; the fluctuation increases with the increase in the H 2 S/CH 4 mixture ratio. This suggests that the fluctuation is attributable to the presence of H 2 S. In addition to this, all the nanotubes obtained in the presence of H 2 S indicates a cornhusk-like surface structure. There was no nanotube which has no thorn. Moreover, almost all the synthesized carbon species were MWNTs except for a small amount of amorphous carbon particles.
Results and discussion
To study the fluctuated structure in detail, we examined an HRTEM image of the base region of the splitting part. Figure 2(a) shows the HRTEM image of an MWNT synthesized with H 2 S mixed gas at a ratio of 50% and figure 2(b) shows its schematic illustration. This image shows that both the splitting part and the main stem are composed of graphitic multilayers. The multilayers of the splitting part are connected with those of the main stem and are sharply bent. In this image, we notice that the structure of an MWNT synthesized with H 2 S mixed gas is different from that of a carbon nanocone.
To reveal the origin of the fluctuated surface, we note the bonds among the carbon atoms. Since electron beams of 100 keV in energy can be focused on an area ∼1 nm in diameter, EELS is useful for obtaining information on each individual tube [30] . Figures 3(a) and (b) show the TEM images of MWNTs synthesized under the same conditions as those shown in figure 2 and figure 3(c) shows the EELS spectra taken at the two regions indicated in figutre 3(b) as 'Apex' and 'Base'. Figure 3(b) is a lattice image of graphitic multilayers at both regions and suggests that the incident electron beam enters nearly parallel to the graphitic layers. The EELS spectra show two sharp peaks, one at 285.0 eV and the other at 291.6 eV, which are attributed to the energy loss peaks of π-bonds and σ -bonds of carbon, respectively [30, 31] . Here, we note that the intensity of the π-bonds taken at the base region is about 90% that of the π-bonds taken at the Apex region, indicating that more sp 3 -hybridized orbitals are present at the base region. On the other hand, we were unable to detect the energy loss peak of sulfur (164.8 eV), suggesting that the concentration of sulfur atoms is below the detection limit of our apparatus (typically 1%).
We are interested here in the role of H 2 S in the CVD process of MWNTs. Figure 4 presents schematic illustrations of the mechanism underlying the structural modification of MWNTs. Although the H 2 S/CH 4 ratio of the mixture gas used for the synthesis of MWNTs in figure 3 is 50%, we were not able to detect sulfur atoms in these MWNTs. On the other hand, the EELS data indicate that more sp 3 -hybridized orbitals are present at the base region than at the apex region, indicating a structure nearly equal to that of graphitic carbon. These results suggest that the origin of the splitting structure is not the presence of sulfur atoms in MWNTs, but rather some function of H 2 S in plasma CVD process, which reduce the carbon double bonds to sp 3 carbon centres ( figure 4(a) ). This theory is consistent with the observed improvement in the crystallinity of thin-film diamonds in the CVD process mentioned above [26] . In diamond growth, because H 2 S or some other sulfur species promote the formation of sp 3 -hybridized orbitals and suppress the formation of graphitic carbon, crystallinity should be improved. On the other hand, in MWNT growth, H 2 S causes the formation of sp 3 -hybridized orbitals in the MWNT structure, even though the carbon nanotube originally contains only sp 2 -hybridized orbitals. Consequently, the H 2 Sassisted CVD process generates a special structure of MWNTs. Supposing that sp 3 -growth occurs at the fringe of MWNTs on the surface of iron particles, some stress will be accumulated in the lattice of graphitic carbon sheets. Then, a few sheets are peeled out from the main stem of MWNTs and the splitting structure is formed. After that, the splitting structures will push out continuously one after another by the push-out growth mechanism ( figure 4(b) ). Supposing that H 2 S have the catalytic function which change sp 2 -hybridized orbitals to sp 3 -hybridized orbitals after MWNTs have formed, the cornhusk-like structure should open both directions which are the growth-direction and the opposite of it. From this, we can understand how the unique cornhusk-like structure is formed.
When the cornhusk-like structure is formed, the surface area of MWNTs becomes larger. In the case where the thorn is composed of a single graphitic carbon sheet, theoretically, the surface area of MWNTs which have thorns becomes three times larger than those of MWNTs which have no thorn. This is because the surface area of the cornhusk-like MWNTs is the sum of the main-stem surface area, the front-side surface area of the thorn and the inside surface area of the thorn. However, it seems that the surface area suggested in figure 1(c) is more than three times as large as the surface area suggested in figure 1(a) . The most possible reason for this large surface area is the continuous reaction of sp 3 -growth and the peel out in many sheets during the push-out growth.
We have demonstrated the structural modification of MWNTs using a simple technique in which H 2 S gas is added to the plasma CVD process. This structural modification technique can dramatically increase the surface area of carbon nanotubes without decreasing the total synthesis yield. This technique holds great promise for applications that make use of the molecular adsorption and catalytic properties of carbon nanotubes.
